Fatigue strength is one of the key properties in the practical use of ultrafine grained steels. Fatigue tests were conducted on notched specimens by conventional electromagnetic resonance fatigue testing machines. The electromagnetic resonance fatigue testing was carried out at 150 Hz up to 10 7 cycles. The investigated steels had different levels of carbon, 0.15 wt%, 0.30 wt% and 0.60 wt% with tensile strengths of 850 MPa, 950 MPa and 1 105 MPa, respectively. With increasing in carbon content, the tensile strength increased and the total elongation decreased. The notched specimens never showed internal fracture and showed a clear fatigue limit. The notch fatigue limit increased with an increase in tensile strength from 850 MPa to 970 MPa, when the carbon content was 0.15 and 0.30 wt% with microstructures consisting of ultrafine ferrite grains and cementite particles. On the other hand, when the carbon content was 0.60 wt%, the notch fatigue limit decreased, though tensile strength increased to 1 105 MPa. Retained pearlite grains were observed in 0.60 wt%C steel in addition to ultrafine ferrite grains and cementite particles. These retained pearlite grains which were coarse and high angle grain boundary poor regions were attributed to the lower notch fatigue limit.
Introduction
Grain refinement is the only method to improve strength and toughness of steels simultaneously. Therefore, ultrafine grained steels with relatively simple chemical compositions have great potential for replacing many of the existing high strength steels and therefore are being pursued vigorously. Much of the work has been done on the development of ultrafine grained steels. However, for practical applications of these ultrafine grained steels, it is essential to evaluate their mechanical properties and understand the microstructure-mechanical property correlation in detail. Fatigue strength is one of the key properties that permit the practical use of ultrafine grained steels, since it is a frequently required characteristic of mechanical components like high loaded engine parts, for example diesel injection components. Research into fatigue strength thus needs to be focused on ultrafine grained steel.
NIMS has also established a grain refinement process using multi-pass warm caliber rolling to produce steel rods with a submicron ferrite grain structure which enable us to do conventinal size fatigue tests. [1] [2] [3] [4] Several ultrafine grained steels whose tensile strength ranging from 600 MPa to over 1 000 MPa were produced and the fatigue strength was compared with that of conventional tempered martensite and ferrite+pearlite steels. Figure 1 shows that as the result, the ultrafine grained steels revealed higher fatigue strength than ferrite+pearlite steel and matched with tempered martensite steels. [5] [6] [7] [8] [9] The relationship between fatigue limit σw and tensile strength σ B is σ w = 0.43σ B for ferrite+pearlite steels, but σ w = 0.53σB for tempered martensite steels. The relationship σ w = 0.56σ B was obtained for ultrafine grained steels. Tha ratio of 0.56 is very slightly higher than 0.53 of the relation of tempered martensite steels. This stable fatigue strength was achieved not only by the ultrafine grains but also by uniform microstructure. [1] [2] [3] [4] Thus, the ultrafine grained steel shows excellent fatigue properties. This means that the ultrafine-grained steel is approaching real use. The real components have many stress concentration, so the notch effects are practically important characteristic. In this study, notch fatigue properties were investigated to understand the relashionship between fatigue strength and microstructure and to promote the real use of the ultrafine grained steel under co-operation with industry.
Experimental

Process for Obtaining Ultrafine Grained Steel Bars
The chemical composition of the steels used in the present study is listed in Table 1 . The investigated steels had different levels of carbon, 0.15 wt% (C15), 0.30 wt% (C30) and 0.60 wt% (C60). Regarding C15 and C60 steels, rectangular bars with 40 mm square and 600 mm length were produced by vacuum melting and hot forging. As for C30 steel, 80 mm square and 600 mm bars were prepared by vacuum melting and hot forging.
The rolling process is shown schematically in Fig. 2 . The materials of the C15 and C60 steels were heated up to 823 K and subsequently rolled by 12 passes from 40 mm square to a final of 13 mm square. The material of the C30 steel also was heated up to 823 K and subsequently rolled by 21 passes from 80 mm square to a final of 18 mm square. All calibers except the second last one were square type caliber and the second last one was oval type one. Immediately after rolling, rolled rods were water quenched. 2, 3) Microstructures of caliber rolled bars were examined by SEM and EBSD (Electron Back Scattering Diffraction). Round bar static tensile test specimens with a parallel section length of 24.5 mm and a diameter of φ3.5 mm were machined from the center of the cross section in the rolling direction (longitudinal direction of bars). The specimens were tested in a standard tensile testing machine at a cross head speed of 0.5 mm/min.
Fatigue Test
Fatigue tests were conducted on notched specimens by conventional electromagnetic resonance fatigue testing machines. The electromagnetic resonance fatigue testing was carried out at 150 Hz up to 10 7 cycles. These tests were conducted at room temperature in air under stress ratio of R = 0.1. Figure 3 shows specimens used in these tests. The notched specimens had a circular notch with a notch root radius of 1 mm. The stress concentration factor Kt was 2.
Results
Microstructural Evolution with Strain and Carbon Content Figures 4(a)-4(c)
show microstructures of caliber rolled bars for the C15, C30 and C60 steels in longitudinal section. Similar microstructures except the C60 steel were already reported. 4) Although some ferrite grains elongated in the rolling direction were noticed in the C15 steel, ferrite grains were equiaxed and ultrafine in the C15, C30 and C60 steels. The average ferrite grain sizes of the steels were less than 1 μm and that of the C15 steel was coarser than those of the C30 and C60 steels. It was observed that cementite particles were uniformly distributed in the ultrafine ferrite matrix with the distribution becoming better with increasing carbon content in the C30 and C60 steels. The average size of cementite particles in all specimens was in the range of 100-200 nm. Figure 5 shows the inverse pole figures and boundary maps obtained by EBSD at the center of the specimen in the L direction of the C30 steel. 4) High angle grain boundaries having misorientation θ ≧15° are revealed by red lines, while middle angle grain boundaries having misorientation 15°>θ≧5° and low angle grain boundaries having misorientation 5°>θ≧1.5° are represented as blue lines and pale blue lines. A large number of equiaxed ultrafine ferrite grains surrounded by high angle grain boundaries were observed. However, elongated ferrite grains with middle and low angle grain boundaries in the rolling direction were also noticed from EBSD analysis. More than 70% of the boundaries were high angled ones. Therefore, it is clear that warm Table 1 . Chemical composition of used steels. ISIJ International, Vol. 52 (2012), No. 5 multi-pass caliber rolling can produce bulk ultrafine grained steels having microstructures predominantly consisting of high angle grain boundaries. Figure 6 represents nominal stress-strain curves of the C15, C30 and C60 steels. Tensile strength of the C15, C30 and C60 steels were 830, 970 and 1 105 MPa, respectively. Their total elongations were 27, 27 and 22%, respectively. Similar stress-strain curves except the C60 steel were also already reported. 4) With increasing in carbon content, the tensile strength increased and the total elongation slightly decreased. No plastic instability immediately after yielding was noticed. A very small strain hardening was observed in the C15 steel. However, strain hardening became more evident at the carbon content of the C30 steel. It became very clear in the C60 steel. Increase in strain hardening with carbon content was attributed to the cementite dispersion. Increase in cementite volume fraction enhanced the strain hardening. Figures 7(a)-7(c) show diagrams of stress amplitude and number of cycles to failure, called a S-N diagram. The arrowed marks mean runout specimens and numerals indicate numbers of overlapped specimens. All the S-N curves of the 15C, 30C and 60C steels showed monotonous declines up to around 10 6 cycles, and reached levels up to 10 7 cycles. Most of the notched specimens failed in a fatigue life range from 10 5 to 10 6 cycles. This means that the notched specimens revealed a fatigue limit. The fracture type was conventional surface fracture originating from a notch root. We concluded, therefore, that the fatigue limits of the lab-prepared steels could be determined by means of these fatigue test results, up to 10 7 cycles. Table 2 shows the fatigue limits of the steels according to Maximumlikelyhood. The fatigue limits were 235 MPa for the C15 steel, 256 MPa for the C30 steel and 230 MPa for the C60 steel. The fatigue limit of the C30 steel increased with an increase in tensile strength, compared to that of the C15 steel. However, The fatigue limit of the C60 steel decreased in spite of an increase in tensile strength, compared to that of the C30 steel.
Effect of Carbon Content on Stress-strain Curves
10)
Notch Fatigue Property
Discussion
To investigate the reason that the fatigue limit of the C60 steel was lower than expected, macro-observation by SEM and EBSD analysis were carried out on the fatigue tested specimens themselves. Figure 8 shows SEM micrographs and EBSD grain boundary maps of the fatigue tested specimens observed in the cross section. Microstructures consisted of ultrafine ferrite grains and cementite particles in all specimens. Dark areas and white areas were observed in Figs. 8(a) and 8(c) . Dark areas consisted of mainly ferrite gains. White areas consisted of ferrite grains and dispersed cementite particles. Dark areas were dominant in the C15 steel. On the other hand, white areas were dominant in the C30 steel. Further, only white areas were observed in the C60 steel (Fig. 8(e) ). When carbon content was lower, 9 . Magnified SEM image of the circled area in Fig. 8(e) . Fig. 11 . Grain boundary map of the cut surface just below the origin shown in Fig. 10(d) .
cementite distribution was not uniform. Therefore, darks areas were observed. Cementite particles were dispersed more uniformly with an increase in carbon content. The amount of dark areas decreased and disappeared when carbon content was 0.6 wt%. Figure 9 shows the magnified SEM micrograph of the circle area in Fig. 8(e) . Retained pearlite grains were observed in the C60 steel. From the point of grain boundary character, high angle grain boundaries were dominant in both the C15 and C30 steels. However, high angle grain boundary poor regions consisting mostly of low angle grain boundaries were also noticed in Figs. 8(b) and 8(d) . Further, high angle grain boundary poor regions which were as large as 10 μm were observed in the C60 steel shown in Fig. 8(f) . Ultrafine grains surrounded by high angle grain boundaries were observed all specimens, but coarse area containing low angle boundaries were also observed all specimens. In the C60 steel, particularly coarse areas larger than 10 μm were observed. These areas seem to correspond to retained pearlite grains shown in Fig. 9 , judging from the size and distribution. Initial pearlite grains were fragmented by the process of warm multipass caliber rolling. Reduction from 40 mm square to 13 mm square might not be adequate for the thorough fragment of pearlite. As a result, pearlite grains were retained.
Generally, fatigue property is determined by the weakest region in the specimen. Although tensile strength of the C60 steel was higher than those of the C15 and C30 steels, fatigue limit was lower than those of the C30 steel. This low fatigue limit of the C60 steel is considered to be attributed to the existence of the retained pearlite.
To verify this assumption that the retained pearlite was fracture origin, microstructure of fracture origin was directly examined by EBSD. Figure 10 shows the appearance and fracture surface of the tested specimen. The origin of fatigue crack was clearly observed in this figure, indicating by the arrow. Then, the specimen was cut near the origin from the parallel direction to the longitudinal direction of the specimen as shown in Fig. 10(c) . The cut specimen was embedded and polished and etched for SEM and EBSD observation. Figure  10(d) shows the microstructure of the cut surface just below the origin shown by the schematic drawing with an arrow. This figure shows the microstructure was not homogeneous. Figure 11 shows grain boundary map of the cut surface just below the origin shown in Fig. 10(d) . The microstructure was also not homogeneous from the point of grain boundary character. Both the region which was occupied by high angle grain goundaries and the other region which was mainly occupied by middle and low angle grain boubdaries (high angle boundary poor region) were observed. Further, it was chracteristic that grain boundary density of the latter region was lower than that of the former region. The region surrounded by the dotted circle near the edge of the specimen, which corresponds to fracture origin, was high angle grain boundary poor region. The width was about 30 μm.
High angle grain boundary poor region which are shown in Fig. 8(f) were clearly observed in the fracture origin region in Fig. 11 . This region seems to be the ratained pearlite. Although tensile strength of the C60 steel was higher than those of the C15 and C30 steels, its fatigue limit was lower than that of the C30 steels. It can be explained that the existence of coarse retained pearlite which consists of high angle boundary poor region deteriorates the fatigue properties of the C60 steel.
Fatigue limit of ultrafine grained steels for smooth specimens monotonously increased with an increase in carbon content from 0.15 to 0.45%. 7) Ultrafine grained steel with 0.45C consisted of ultrafine ferrite and cementite particles without retained pearlite. This fact indicates that the structure consisting of ultrafine ferrite and cementite particles without retained pearlite is not harmful for fatigue properties. Therefore, it is expected that notch fatigue limit of the C60 steel also increases with an increase in tensile strength, if microstructure has no retained pearlite. To confirm the idea directly that retained pearlite is fracture origin, the C60 steel without retained pearlite should be produced and notch fatigue properties is examined in the next research stage.
Summary
The notch fatigue properties of 0.15%C, 0.30%C and 0.60%C ultrafine grained steels were investigated to understand the relationship between fatigue strength and microstructure.
(1) The notched specimens never showed internal fracture and showed a clear fatigue limit.
(2) The notch fatigue limit increased with an increase in tensile strength, when microstructures consist of ultrafine ferrite grains and cementite particles.
(3) Microstructure had a large effect on notch fatigue properties as well as tensile strength. Although tensile strength of the 0.60%C steel was higher than those of the 0.15%C and 0.30%C steels, fatigue limit of 0.60%C steel was lower than that of the 0.30%C steel. It can be explained that the existence of coarse retained pearlite consisting of high angle boundary poor region deteriorates the notch fatigue properties of the 0.60%C steel.
